In our simulations, the observed insertion/folding pathway is favored because of a large (> 100 kcal/mol) increase in system entropy that occurs when the unstructured Our simulated insertion does not agree with these models, suggesting that other previously discounted thermodynamic effects in the lipid component may alter the insertion process in some peptide/bilayer systems.
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Membranes and membrane proteins are dynamically active systems involved in essential biological processes. Whole genome analysis indicates that 20-30% of all open reading frames code for membrane spanning α-helical bundle proteins 4, 5 . Proteins with β-barrel architectures (e.g. porins) are coded for by several percent of the open reading frames in bacteria 6 and an unknown fraction in eukaryotic organisms. Many other proteins involved in cell-cell adhesion, immune recognition, and signal transduction also have single α-helical membrane spanning domains 7 . Because of difficulties in isolating, purifying, and crystallizing membrane proteins, only about 82 unique intrinsic membrane protein structures are known 3, 8 at atomic resolution compared with the thousands of globular proteins that have been solved 9 . Consequently, the protein-protein and protein-lipid interactions that stabilize intrinsic membrane proteins are not as well understood as the interactions that stabilize globular proteins. Prediction of membrane protein structure, of membrane protein folding, and of membrane protein dynamics is limited by our understanding of these protein-lipid interactions and lipid dynamics 10 .
Because of these difficulties, model systems have been instrumental for understanding the general principles governing membrane protein structure and dynamics.
An important model system has been the WALP series of peptides, which have an alternating, variable length alanine/leucine core flanked on both termini by two tryptophan residues [11] [12] [13] . These peptides have been demonstrated to form trans-membrane α-helices by CD 11 , NMR 11, 14, 15 , UV-Vis spectroscopy 14 , transmission and atomic force microscopy 16, 17 , and mass spectrometry [18] [19] [20] . The compensatory changes in lipid structure induced by WALP peptides have also been studied via NM 11, [20] [21] [22] [23] [24] [25] [26] , electron spin resonance 21, 22 28 .
In this paper we report all-atom simulations of the interactions of a 16 residue WALP peptide with a solvated DPPC bilayer. Our simulations show the spontaneous insertion and folding of this WALP-16 peptide into the DPPC bilayer. These simulations are the first to show the unbiased, spontaneous insertion and folding of a hydrophobic peptide into an explicitly represented lipid bilayer. The spontaneous insertion and folding of peptides into trans-bilayer configurations is difficult to observe, because most membrane spanning peptides are highly hydrophobic and thus prone to aggregation. To our knowledge only three experimental kinetic studies of spontaneous peptide insertion processes exist [29] [30] [31] .
Although no kinetic measurements of WALP insertion have been made, generic models of peptide insertion and folding have been constructed based on thermodynamic arguments 1-3 .
Our simulated insertion does not agree with these models, suggesting that other previously discounted thermodynamic effects in the lipid component may alter the insertion process in some peptide/bilayer systems.
Our simulations have been conducted using 1024 processors on the Q-machine, a parallel computer at Los Alamos National Laboratory which at the time of this simulation is ranked as the third fastest in the world 32 . We have implemented a replica exchange (parallel tempering) molecular dynamics algorithm 8 on this machine. Replica exchange algorithms [33] [34] [35] [36] [37] were developed to study glassy systems with long relaxation times and are widely used in the context of protein folding [38] [39] [40] (reviewed by Nymeyer et al. 41 ). In these 7 methods, multiple copies or replicas of the same system are simulated in parallel at different temperatures, and temperatures are periodically exchanged between two replicas in a manner that preserves detailed balance. These algorithms speed equilibration by a large factor (perhaps 100x or more) [42] [43] [44] and enable us to observe insertion of a WALP peptide while simultaneously computing the equilibrium properties of the WALP/DPPC bilayer system.
As described in the methods section, we run three simulations. The first simulation begins with the peptide in a water solvated conformation. This simulation shows WALP spontaneously moving into conformations in which it is anchored into the bilayer. The second simulation starts with the peptide in an anchored conformation. This simulation shows four separate events in which WALP spontaneously inserts completely into the bilayer and forms α-helical secondary structure. The third simulation, which begins with the peptide inserted completely in the bilayer, is used to generate an equilibrium ensemble of WALP/DPPC conformations and measure the changes in thermodynamic quantities as a function of peptide structure and location in the bilayer.
The first two simulations suggest an insertion mechanism for WALP with three steps.
In the first step, the peptides move into a membrane-anchored conformation. In this conformation, the peptide has inserted one or more of its Trp residues into the bilayer below the phosphate groups. These Trp residues anchor the peptide to the bilayer, although the peptide itself is still mostly water solvated. In the second step, the peptides insert into the lipid bilayer in an unstructured state, occupying the volume exposed in the lipid due to fluctuations of the lipid chains. In the third step these peptides form a helical nucleus, from 8 which the whole α-helix rapidly forms. This helix orients roughly normal to the bilayer surface. These basic steps are observed in all the WALP peptides that inserted and folded.
No WALP's were observed to insert directly from a surface bound helical conformation.
One of the observed insertion trajectories is shown in figure 1 . The PMF at this temperature has three dominant basins of attraction. In the first basin, the peptide is mostly water solvated and non-helical but possibly anchored via one or more Trp residues into the membrane. In the second basin, the peptide is located in the bilayer interface and non-helical. This basin is a mixture of states in which the peptide is lying approximately in the plane of the interface and states in which the peptide is approximately normal to the interface. In the third basin, the peptide is helical and inserted in the membrane. The principal barrier to folding occurs during nucleation of the peptide in the center of the lipid bilayer. Although our PMF is shown for temperatures greater than the experimental conditions, extrapolation to lower temperatures does not appear to alter the insertion mechanism; however, the barrier to insertion does increase with decreasing temperature.
By fitting the temperature variation of our PMF, we have estimated the enthalpic and entropic changes of our system with peptide structure and position. These results ( Figure   2 ) agree with the known thermodynamics of peptides interacting with lipid bilayers. In 9 particular, we find that the insertion of the WALP-16 peptide into the DPPC bilayer in a largely unstructured state entails a significant enthalpic penalty of between 5-10 kcal/mol per residue. This is in agreement with calculations 45 and measurements on model compounds 46, 47 that provide estimates of an enthalpic backbone desolvation penalty of 6-8 kcal/mol per residue. As expected, the enthalpy decreases sharply by nearly the same amount with the growth of hydrogen bonds along the α-helix. Although helix formation in water is generally enthalpically favored, helix formation followed by insertion may be less enthalpically favorable or even unfavorable, since hydrogen bonds in a fully formed α-helix retain some residual electrostatic interaction with the surrounding solvent 48 .
Waters bound to the WALP may play an important role in stabilizing the peptide when inserted in the bilayer. Although we have prevented waters from penetrating to the center of the bilayer via a weak mean-field potential (see Methods for details), we still observe a significant amount of water bound to the WALP backbone prior to α-helix formation (see figure 4) . Bound waters are certain to make insertion of the unfolded peptide more favorable than would be expected based on complete backbone desolvation. insertion into the membrane interior should occur only after significant secondary structure has already formed. This conclusion is based on calculations 45 and measurements 46-47 using bulk hydrophobic solvents, which show that the insertion of an unstructured peptide into 11 the lipid interior will entail a high enthalpic cost due to the desolvation of the peptide backbone. This desolvation penalty is mostly absent in regularly structured peptides, because the backbone is already desolvated to a large extent, and the peptide hydrogen bond donors and acceptors are satisfied internally.
Our simulations are in agreement with the calculations and measurements suggesting a large penalty for backbone desolvation. However, our simulations also show that entropic changes are strong enough to overcome this desolvation penalty. No reliable estimates or measurements of the entropic changes due to the insertion of an unstructured peptide into a lipid bilayer exist to which we may compare our simulations; however, the observed entropic compensation effect is too large to be purely a simulation artifact.
Our molecular dynamics simulation results depend significantly on the force field used for the protein and the lipid and on the simulation conditions such as constant volume, constant cross sectional surface area, and system size. For example, we observe a transition to an ordered, gel like tilted phase for the lipid below 400K, while the transition should occur at 314 K. However, our simulations provide a molecular view of the folding of a transmembrane α-helix within an explicit lipid bilayer and suggest that the insertion and folding of peptides into lipid bilayers might be more complex than suggested. Simulations of peptides that are known to co-exist in the water and lipid phases 58, 59 are under way. We expect our simulations to motivate experimentation of the time resolved kinetics of the insertion and folding of peptides in membranes.
In conclusion, our simulations provide a molecular view of the folding of a transmembrane α-helix within an explicit lipid bilayer. Our results show that the folding 12 process might be more complex and subtle than suggested by the four stage model. In particular, we observe large entropic changes in the system that may make insertion of peptides into the bilayer prior to secondary structure formation favorable. The composition of the peptide and lipid are certain to modulate the large enthalpic and entropic terms driving insertion, making insertion mechanisms more variable than have been suggested by the four stage model. In this regard we suggest that membrane proteins, like globular proteins, may have multiple folding routes best described as motion on a multi-dimensional free energy surface 60, 61 . More experimental studies of the folding pathways for α-helical monomers and dimers would be useful to further understand the molecular interplay that occur within the heterogenous solvation setting of the membrane bilayer and its associated waters.
Methods

Initial conditions
The starting point of our simulations is a fully solvated WALP-16 peptide [CHO-ALA-TRP 2 -(LEU-ALA) 5 . The surface are per lipid in pure DPPC bilayers has been measured 62 to be 64 A 2 ; however, the surface area for a mixed DPPC/WALP system is not 13 accurately known. We assumed a constant surface area throughout the insertion process.
This surface area was chosen to be match the result of another DPPC/WALP simulation performed with the same force-field 5 .
Simulations
Simulations were carried out via a modified version of the CHARMM (version 28) program 63 . The force-field/energy function was the CHARMM22 all-atom force-field of Schlenkrich et al. 64, 65 .
The initial simulation was a 1ns replica exchange simulation using 38 replicas of the system with temperatures exponentially spaced from 350-505.8K. This was followed by a The equilibrium simulation has identical settings. All replicas are started inserted but are non-helical.
Step size is 0.8fs for the first 200ps with only the waters held rigid and 1fs
for the remainder with all bonds involving hydrogen held fixed. Total simulation time is 3.5ns per replica. The final 1.5ns is used for analysis.
Analysis
The potential of mean force was computed for each temperature as -RTln(N), where N is the number of counts per bin at temperature T in Kelvin, and R is the ideal gas constant in units of kcal/mol/K. The ordinate is the absolute value of the Z-coordinate of the WALP-16 center of mass with origin placed at the bilayer center. The abscissa is the number of α-helical hydrogen bonds determined with a 3.5A cutoff on the hydrogenoxygen distance and a 90 degree cutoff on the angle between the C-O and H-N vectors. 15 All points in the potential of mean force plane with counts at 7 or more temperatures were used to determine the thermodynamic formula: 
